The orphan G protein-coupled receptor 6 (GPR6) displays unique promise as a therapeutic target for the treatment of neuropsychiatric disorders due to its high expression in the striatopallidal neurons of the basal ganglia. GPR6, along with closely related orphan receptors GPR3 and GPR12, are phylogenetically related to CB1 and CB2 cannabinoid receptors. In the current study, we performed concentration-response studies on the effects of three different classes of cannabinoids: endogenous, phyto-, and synthetic, on both GPR6-mediated cAMP accumulation and b-arrestin2 recruitment. In addition, structure-activity relationship studies were conducted on cannabidiol (CBD), a recently discovered inverse agonist for GPR6. We have identified four additional cannabinoids, cannabidavarin (CBDV), WIN55212-2, SR141716A and SR144528, that exert inverse agonism on GPR6. Furthermore, we have discovered that these cannabinoids exhibit functional selectivity toward the b-arrestin2 recruitment pathway. These novel, functionally selective inverse agonists for GPR6 can be used as research tools and potentially developed into therapeutic agents.
Introduction
G protein-coupled receptors (GPCRs) comprise a large family of genes that are popular targets for pharmaceutical intervention [1, 2] . Of the commercially available medications currently on the U.S. market, about 30e50% target GPCRs [3] . Within the GPCR family, there are numerous orphan receptors which have no known endogenous ligands and offer considerable potential for novel drug discovery.
GPR6 is no exception, showing unique opportunity as a target for the treatment of neurological and neuropsychiatric disorders [4, 5] .
GPR6, along with GPR3 and GPR12, make up a subfamily of three closely related orphan receptors with approximately 60% shared amino acid sequence identity [6, 7] . GPR6, specifically, was originally cloned from rats in 1994 [8] and humans in 1995 [6, 9] . GPR6 was initially called rCNL3 by its discoverer in 1994 [8] . It is predominantly located in the central nervous system (CNS), particularly the striatum [8] , and to a lesser extent in frontal cortex, hippocampus, and hypothalamus [9] .
GPR6 is constitutively active and couples with G s proteins to activate adenylyl cyclase [10, 11, 12] . Functionally, GPR6 expression up-regulates cAMP accumulation in neurons and enhances neurite outgrowth [13] . The role of G proteinindependent pathways in GPR6 signaling is less understood. Traditionally, the b-arrestin pathway has been thought to only participate in receptor desensitization and internalization [14] . However, new evidence suggests the capacity for b-arrestinmediated signal transduction [14] . Recently, it was shown that a cannabinoid ligand inhibited GPR6-mediated, constitutive b-arrestin2 recruitment [15] . However, to date the physiological function of GPR6-mediated b-arrestin2 signaling has not been reported.
The aforementioned cloning experiments showed GPR6 is phylogenetically related to the shingosine-1-phosphate (S1P) receptor family. Both Uhlenbrock, Gassenhuber, and Kostenis [12] and Ignatov et al. [16] showed that S1P activates GPR6. However, Yin et al. found that S1P does not activate GPR6 [17] . Further work is needed to clarify the controversy and discrepancy between the different laboratories, to determine whether S1P is indeed an endogenous ligand for GPR6.
Notably, GPR6, along with GPR3 and GPR12, is also phylogenetically related to the CB1 and CB2 cannabinoid receptors, sharing 35% amino acid sequence identity in the transmembrane regions [18] . In fact, Marchese et al. called these orphans the "cannabinoid orphan receptors" due to their degree of shared sequence identity [18] .
Cannabidiol (CBD), one of the major non-psychotropic components of Cannabis sativa L. [19, 20] , is reported to have a wide range of medical applications, including treatment of cancer [21] , inflammation [22] , epilepsy [23, 24] , neurodegenerative disorders [25, 26] , and psychiatric diseases [27] . However, CBD has been shown to bind with low orthosteric affinity to CB1 and CB2, and act as a negative allosteric modulator at each [28, 29, 30] . Our recent report revealed that GPR6 is a novel molecular target for CBD, which inhibit GPR6-mediated b-arrestin2 recruitment [15] .
In the current study, we investigated compounds from all three cannabinoid classes: endogenous, phyto-, and synthetic cannabinoids (agonists and antagonists) in order to search for candidate GPR6 ligands that may prove to be useful either therapeutically or as research tools. To better understand the actions of cannabinoid ligands on GPR6, concentration-response studies were performed with all tested cannabinoid compounds in two pathways of GPR6 signaling, cAMP accumulation and b-arrestin2 recruitment. In addition, we characterized the structure-activity relationships for actions of CBD on GPR6.
Materials & methods

Materials
Dulbecco's Modified Eagles's Medium (DMEM), penicillin/streptomycin, L-glutamine, trypsin, and geneticin were purchased from Mediatech (Manassas, VA). 
Cell-based HTRF cAMP assay
The HTRF cAMP assay was performed as previously published with modifications [31] . In brief, GPR6-HEK cells were plated in 384-well plates in DiscoverX cell plating reagent1 for 48 hours in a humidified atmosphere at 37 C and 5% CO 2 .
The cells were then treated with the phosphodiesterase inhibitor Ro 20-1724 (2 mM). Ligands were diluted in DiscoverX cell plating reagent1 containing 2.5% fatty acid free bovine serum albumin. Cells were treated with ligands for an hour in a humidified incubator at 37 C and 5% CO 2 followed by incubation with d2-conjugated cAMP and Europium cryptate-conjugated anti-cAMP antibody for an hour at room temperature. The fluorescent output was measured using a TECAN GENios Pro microplate reader.
PathhunterÔ b -arrestin2 recruitment assay
The GPR6 mediated b-arrestin2 recruitment was measured by using the PathHunter were plated in 384-well plates in DiscoverX cell plating reagent1 for 48 hours in a humidified atmosphere at 37 C and 5% CO 2 . Cannabinoids were serially diluted in cell plating reagent1. After incubation with ligand at 37 C following manufacturer's instructions, the cells were incubated with detection reagent for 1 hour at room temperature in the dark. Subsequently, the chemiluminescence signal, measured as relative luminescence units, was detected using a TECAN GENios Pro microplate reader.
Data analysis
For cAMP accumulation assays, data analyses were performed based on the ratio of fluorescence intensity of each well at 620 nm and 665 nm. Data are expressed as DF %, which is defined as [(standard or sample ratio e ratio of the negative control)/ratio of the negative control] x 100. The standard curves were generated by plotting DF% versus cAMP concentrations using non-linear least squares fit (Prism software, GraphPad, San Diego, CA). Unknowns are determined from the standard curve as nanomolar concentrations of cAMP. Ligand-induced changes in cAMP accumulation were calculated by dividing cAMP levels in the presence of different concentrations of ligands by basal cAMP levels, times 100.
For b-arrestin2 recruitment assays, ligand-induced changes in b-arrestin2 recruitment were calculated by dividing luminescence readings in the presence of different concentrations of ligands by basal luminescence readings, times 100.
For both cAMP accumulation and b-arrestin2 recruitment assays, data were subject to non-linear regression analysis using GraphPad Prism (GraphPad Software, San Diego, CA) and the graphs were also generated using GraphPad Prism. Data points represent the mean AE SEM obtained from three independent experiments performed in quadruplicate. Statistical analyses were performed using t test, or one-way AN-OVA followed by Bonferroni's post-test. p-values of <0.05 were considered significant.
Results & discussions
GPR6 is an orphan GPCR and a promising therapeutic target. Regarding potential ligands, the cannabinoids hold particular promise since phylogenetic analyses have identified the CB1 and CB2 cannabinoid receptors as the closest relative subfamily with known ligands [18] . With this in mind, we designed our present study by testing three cannabinoid classes, as defined by origin e endogenous, phyto-(plantderived), and synthetic.
Constitutive activity of GPR6
In the first set of experiment, we simply examined constitutive activity of GPR6. Our data showed that HEK293 cells stably expressing GPR6 had 6.5-fold higher cAMP levels compared to parental HEK293 cells, and thus the receptor exhibits constitutive activity in the cAMP accumulation assay (Fig. 1A) . These results are consistent with previous studies showing that GPR6 is constitutively coupled to the G s protein [12, 16] . We also found that GPR6 constitutively recruits b-arrestin2, as CHO cells co-expressing GPR6-PK1 and EA-b-arrestin2 had an 11-fold higher luminescence signal compared to the parental cells expressing only EA-b-arrestin2 (Fig. 1B) .
To our knowledge, this is the first time that GPR6 is shown to be coupled constitutively to the b-arrestin2 recruitment pathway.
Effects of endogenous and phyto-cannabinoids on GPR6-mediated cAMP accumulation and b-arrestin2 recruitment
We then performed concentration-response relationship studies on four endocannabinoids e anandamide, 2-arachidonoylglycerol (2-AG), noladin ether, and virodhamine ( Fig. 2) , using both the cAMP accumulation and b-arrestin2 recruitment assays. All four endocannabinoids failed to significantly alter either cAMP accumulation or b-arrestin2 recruitment at concentrations ranging from 10 pMe10 mM ( Fig. 3A and B) . Although negative, these findings provide valuable information nevertheless. Our negative data indicates that the endogenous ligands for GPR6
have structures different from those of endocannabinoids that we tested.
Our recent discovery of CBD as a novel inverse agonist for GPR6 was shown exclusively in the b-arrestin2 recruitment assay. It remained unclear, however, if CBD also exerts inverse agonism in the GPR6-mediated cAMP accumulation assay through the G s dependent pathway. Thus, our next set of experiments sought to compare the effects of CBD in both assays. At the same time, we examined full concentration-response relationships of four other phytocannabinoids in both assays as well: the tricyclic cannabinoids D 9 -tetrahydrocannabinol (D 9 -THC) and cannabinol (CBN), the bicyclic cannabichromene (CBC), and the monocyclic cannabigerol (CBG) (Fig. 2) . While none of the five compounds tested were able to significantly alter GPR6-mediated cAMP accumulation at concentrations up 10 mM, four of the five showed a reduction in GPR6-mediated b-arrestin2 recruitment at 10 mM (Fig. 3C and D) . Notably, CBD displayed markedly higher potency compared to the other phytocannabinoids with an EC 50 (95% CI) value of 74.8 
CBD structure-activity relationship at GPR6
In the next set of experiments, we explored the structure-activity relationship of CBD as an inverse agonist for GPR6. Fig. 4A demonstrates neither CBD nor its analogues altered cAMP accumulation levels at concentrations up to 10 mM in cells stably expressing GPR6. Cannabidiol-2 0 ,6 0 -dimethyl ether (CBDD) is a CBD analogue in which the 2 0 ,6 0 -hydroxyl groups are substituted with methoxy groups (Fig. 2) . We found that CBDD was unable to alter b-arrestin2 recruitment (Fig. 4B) , demonstrating that free hydroxyl groups on the benzene ring are crucial for CBD to exert its inverse agonistic effects at GPR6. Shortening the length of the pentyl side chain of CBD also altered the activity of the ligand on GPR6, as seen with the derivatives cannabidavarin (CBDV) and O-1821, which have propyl and methyl side chains respectively (Fig. 2) . Although CBDV was less potent compared to CBD, it was a more efficacious inverse agonist for b-arrestin2 recruitment, which decreased by 90.62(78.97e102.27)% (EC 50 (95% CI) 2.40 (1.56e3.71) mM) (Fig. 4B) . With regard to O-1821, shortening the side chain by 4 methylene bridges resulted in a marked decrease of the ability of the ligand to inhibit GPR6-mediated b-arrestin2 recruitment (Fig. 4B) . Taken together, our results indicate that by modifying the aliphatic side chains on CBD, it is possible to change the potency and/or efficacy of the inverse agonistic effects of the ligands for GPR6.
Effects of prototypical synthetic cannabinoid agonists and antagonists on GPR6-mediated cAMP accumulation and b-arrestin2 recruitment
In the final set of experiments, we compared the effects of synthetic cannabinoid agonists and antagonists on GPR6-mediated cAMP accumulation and b-arrestin2 recruitment.
Three prototypical synthetic cannabinoid agonists from different chemical classes were tested: a classical cannabinoid agonist HU-210, a nonclassical bicyclic cannabinoid agonist CP55,940, and an aminoalkylindole cannabinoid agonist WIN55,212-2 [32] (Fig. 2) . None of these cannabinoid agonists had any effects on the cAMP accumulation assay at concentrations up to 10 mM, whereas WIN55,212-2 alone displayed a significant reduction in the b-arrestin2 recruitment assay, decreasing by 78.36(54.94e101.79)% (EC 50 value (95% CI) 3.34 (1.33e8.42) mM) ( Fig. 5A and B) . Our data indicate that the interaction with Next, we tested SR141716A and SR144528, prototypical CB1 and CB2 antagonists respectively [33] (Fig. 2) . These synthetic cannabinoids were unable to alter cAMP levels, but showed a marked ability to inhibit b-arrestin2 recruitment to GPR6 (Fig. 5C and D) . These results demonstrate that, as novel inverse agonists for GPR6, both SR141716A and SR144528 have a functional selectivity toward the b-arrestin2 recruitment pathway. Both cannabinoid antagonists had similar efficacy; SR14716A showed a reduction of 65.68 (49.55e81.81)% and SR144528 showed a reduction of 84.53 (76.27e92.79)%. Of the two, SR144528 was more potent (EC 50 (95% CI) 0.62 (0.40e0.96) mM) than SR141716A (EC 50 value (95% CI) 2.77 (1.21e6.34) mM). These data demonstrate that the diphenylpyrazole structure of SR144528 is a promising synthetic chemical scaffold for developing highly potent and efficacious ligands for GPR6. On an additional note, SR141716A and SR144528 are generally thought to be specific for CB1 and CB2, respectively, and are often used experimentally to define the involvement of CB1 and CB2.
Our data suggest that SR141716A and SR144528 can also act on GPR6, at least at micromolar concentrations. Thus, caution should be applied when interpreting the results involving the usage of these cannabinoid antagonists, especially at high concentrations.
Implications and significance
GPR6 is expressed predominately in the CNS, with only trace amounts in the periphery [8] . Of the central tissues, the striatopallidal neurons exhibit the highest GPR6 protein levels [4, 5, 8, 34] . Functionally, the striatum, as the principal input structure of the basal ganglia, modulates the motor control system, participates in the reward pathway, and influences learning and memory [35] . Pathophysiologically, the striatum has been implicated in a large number of neurodegenerative diseases and neuropsychiatric disorders, most notably Parkinson's Disease, Huntington's Disease, amyotrophic lateral sclerosis, autism, addiction, and schizophrenia [35] .
Biased ligands are defined as compounds that preferentially signal through one pathway over the other [14] . Pharmaceutical companies have already begun clinical trials for specific pathway-targeted therapies; the biotech company Trevena has successfully developed a drug that provides post-surgery pain relief through activation of biased signaling in m opioid receptors [36] . In the context of our current study, the functional selectivity that we discovered for the novel GPR6 inverse agonists may have therapeutic implications for the treatment of neuropsychiatric pathologies associated with the striatum, such as schizophrenia [4, 5] .
The dopamine hypothesis of schizophrenia posits that striatal hyperdopaminergia causes the psychopathological symptoms. In support of this hypothesis is the fact that many clinically effective antipsychotics are known to antagonize the interaction between Dopamine D2 receptors and b-arrestin2 [37] . Previously, it has been shown that GPR6 modulates dopamine signal transduction [38] , motor activity [38] and instrumental learning [34] . Also, GPR6 is heavily expressed in the indirect pathway of striatum and is a potential target for the treatment of schizophrenia [4, 5, 34] . Interestingly, CBD has recently been shown to be an effective antipsychotic agent for the treatment of schizophrenia [39, 40] . Since we have discovered that nonpsychoactive cannabinoid CBD selectively target GPR6-mediated b-arrestin2 recruitment, it is worth investigating in future whether GPR6 plays a role in the antipsychotic effect of CBD.
CBD and CBDV have chemical structures different from that of WIN55212-2, SR141716A and SR144528. However, all of these compounds displayed functionally selective inverse agonistic activity at GPR6. Further studies using structural biology techniques as well as molecular modeling are needed to elucidate the molecular mechanisms for these cannabinoid ligands to act on GPR6.
In conclusion, in this study we have discovered that CBD and CBDV, two nonpsychoactive components of marijuana, WIN55,212-2, a prototypical aminoalkylindole cannabinoid agonist, as well as SR141716A and SR144528, CB1 and CB2 receptor antagonists respectively, are novel inverse agonists for GPR6 that preferentially block signaling through b-arrestin2 recruitment pathway. Since GPR6 is a candidate drug target for the treatment of neurological and neuropsychiatric disorders, our discovery paves new ways to the development of potent and efficacious ligands for GPR6 as research tools and as potential therapeutic agents.
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